The analysis of metabolic fluxes of large stoichiometric systems is sensitive to measurement errors in metabolic uptake and production rates. It is therefore desirable to independently test the consistency of measurement data, which is possible if at least two elemental balances can be closed. For mammalian-cell culture, closing the C balance has been hampered by problems in measuring the carbon-dioxide production rate. Here, it is shown for various sets of measurement data that the C balance can be closed by applying a method to correct for the bicarbonate buffer in the culture medium. The measurement data are subsequently subject to measurement-error analysis on the basis of the C and N balances. It is shown at 90% reliability that no gross measurement errors are present, neither in the measured production-and consumption rates, nor in the estimated in-and outgoing metabolic rates of te subnetwork, that contains the glycolysis, the pentose-phosphate, and the glutaminolysis pathways.
Introduction
Intracellular metabolic fluxes can be determined from extracellular uptake and secretion rates of relevant metabolities using mass-balancing techniques (Vallino and Stephanopoulos, 1989; Varma and Palsson, 1994) . A major problem of this method which applies particularly for large, complex networks is that the estimated fluxes are sensitive to errors in the measured extracellular rates. It is therefore desirable to test measurement data on possible errors independent of the flux-balance equations (Noorman et al., 1991) . Alternative conservation equations that are independent from flux balances can be derived from heat or elemental balances.
Elemental balances have been used to test fermentation data for prokaryotes and yeast (Roels, 1983; Ferrer and Erickson, 1980; Wang and Stephanopoulos, 1983; Noorman et al., 1991) . For mammalian-cell culture however, an eror analysis based on elemented balances is hampered by the fact that relatively few balances can be closed. In contrast to fermentations of yeast or prokaryotes (Von Stockar et al., 1997) , the heat balance cannot be used because mammalian cells generate only a fraction of the energy that is required to control the cell-culture bioreactor at the desired temperature. The elemental balances for hydrogen and oxygen can not be closed, since (mammalian) cells secrete or take up water at negligible rates compared to the water balance of the bioreactor system. In addition, it is not possible to quantify the H + -production rate at sufficient accuracy for error analysis due to the presence of buffer systems. Therefore, only the nitrogen and carbon mass balance are suitable to trace measurement errors in mammalian-cell culture.
A prerequisite to close the carbon balance is the correct measurement of the carbon-dioxide evolution rate. In mammalian-cell culture this is hampered by the use of a bicarbonate-based buffer system in the culture medium. Methods to determine the carbondioxide production rate of mammalian cells cultured in bicarbonate-buffered media have recently been described for continuous (Bonarius et al., 1995) and batch (Zupke and Stephanopoulos, 1995) cultures. Here, it is shown that when such methods are used the carbon balance of mammalian-cell culture can be closed within an acceptable probability range. Together with the nitrogen balance, the two constraints that are determined by these elemental balances theoretically allow the detection of gross measurement errors within the set of measured uptake and production rates. Here, the method to detect gross measurement errors, described by Ripps (1965) and developed by Wang and Stephanopoulos (1983) for data from microbial metabolism, is applied for mammalian-cell culture under 7 different culture conditions. Various sets of measurements that are used to estimate the intracellular fluxes are subjected to this particular test.
Materials and methods

Culture conditions and analyses
A deteailed description of the various experimental procedures was published before (Bonarius et al., 1996) . Briefly, hybridoma cells were cultured in labscale bioreactor (B. Braun Diessel Biotech, Melsungen, Germany) in a continuous mode at a dilution rate of 0.7 d −1 . The fraction of CO 2 in the outlet gas was measured using an infrared gas analyzer (Rosemount, Baar, Switzerland). Glucose and lactate were determined with auromated enzymatic assays, ammonia using an ion-selective electrode, and amino acids by HPLC (Amino Quant 1090, Hewlett-Packard, Palo Alto, CA). The cellular composition was measured as follows (Xie and Wang, 1994) : the total lipid fraction was determined by weight after chloroform/methanol extraction, total carbohydrates were analyzed by the phenol-reaction method, and total cellular protein was estimated using the Biuret assay. Cell size and number were determined using a Casy 1 instrument (Schärfe, System, Reutlingen, Germany) and dry-cell weight was determined after dehydration under vacuum. Antibody titers were measured by a standard ELISA. Free intracellular amino-acid pools were extracted by perchloric acid as described by Schmid and Keller (1992) . After neutralization and lyophylization, the fraction of the free amino acids of the intracellular pools were quantified by HPLC. The values for intracellular protein-bound amino acids were taken from measurements of hydrolyzed protein (1 N HCl, 125 • C, overnight) of the same cell line, grown under the same medium conditions (Bonarius et al., 1996) .
Statistical analysis
From the law of mass conservation it follows that when all (produced and consumed) metabolites that significantly contribute to the total mass of an element are determined, the residual value of the elemental balance (ε) can be used as the estimated measurement error for the elemental balance. Wang and Stephanopoulos (1983) used a statistical test function to judge whether the residual values deviate significantly away from their expected distribution of zero means. In this function, h ε , the residuals are weighted according to their accuracy (or standard deviation of the measured production and consumption rates). In the case of two elemental balances (here, carbon and nitrogen), a lower value of h ε than 4.61 indicates with a confidence level of 90% that no gross measurement errors are presented. The value of 4.61 for h ε for has been justified by Wang and Stephanopoulos (1983) for all microbiological systems: If the residuals (ε) are assumed to have identical and independent (φ, the variance-covariance matrix for ε, is diagonal) normal distribution around 0, then the test function h ε (= ε T φ −1 ε) follows a χ 2 -distribution with m degrees of freedom, where m is the number of constraint equations.
In this work, each data point is an average of a double measurement taken at three time points during each steady sate (the last three days of each condition). Here, a 'steady state' is obtained when the difference in viable cell density from the average value is smaller than 10%. Variances of all measured metabolites are estimated from these six experimental data points. An exception is the total-lipid assay which was only carried out once for each set of measurements. This assay requires relatively large amounts of cells because it is a weight measurement. The sampling of large volumes disturbs the steady-state conditions. The variance of the lipid measurement is therefore not estimated from experimental data, but assumed to be 10% of the measured value. Further, due to lack of material from the second, third, and fourth steady state, the average value of the lipid and the DNA measurement of the first and fifth steady state was used for the first five steady states (Table 4a ). To measure the remaining fluxes (solid lines) additional constraints are required. The two networks of which the measured in-and outgoing metabolic rates are subject to error analysis, are shown: (i) the entire metabolic network (dotted line) and (ii) the underdetermined sub-network (L-shaped box). Abbreviations: ACoA acetyl-CoA, AKG a-ketoglutarate, CHOL cholesterol, CIT citrate, E4P erythrose-4-phosphate, GAP glyceraldehyde 3-phosphate, GLC glucose, G6P glucose-6-phosphate, 3PG 3-Phosphoglycerate, LAC lactate, MAL malate, OAA plus oxaloactetate, PEP phosphoenolpyruvate, PYR pyruvate, R5P ribose-5-phosphate, Ru5P rubulose-5-phosphate, S7P sedoheptulose-7-phosphate, TC total carbohydrates. TP total protein, X5P xylulose-5-phosphate. The complete stoichiometry of the reaction network, which includes the by-products and co-metabolites of the given reactions, is given elsewhere (Bonarius et al., 1996) .
Similarly to Wang and Stephanopoulos (1983) , it is assumed that the errors are uncorrelated. In reality some correlation in measurements are unavoidable. For instance, the amino-acid measurements may be correlated because all amino-acid concentrations are deterined simultaneously by HPLC. Errors that occur in dilution of samples for HPLC or calibration errors are correlated. However, when (non-negative) co-variances are taken into account the test function h ε will decrease. So, when it is assumed that the measurements are not correlated, the upper limit of h ε is determined, which implies that for a value of 4.61 the confidence level is equal or greater than 90%.
Certain fluxes, in particular fluxes in cyclic pathways, cannot be determined by mass-balancing techniques alone, because their reaction stoichiometry is linear dependent (Vallino and Stephanopoulos, 1989; Bonarius et al., 1997) . In the metabolic network that describes mammalian-cell metabolism, a subsystem remains therefore underdetermined (See also Figure  1 ). The fluxes of this subnetwork need to be quantified by isotopic-tracer experiments. If this is not possible, which is for example the case for large-scale cell culture, the fluxes of this smaller network can only be estimated using additional assumptions. In order to prevent that such assumptions affect the determinable fluxes (dashed lines in Figure 1 ), the non-determinable fluxes (solid lines in Figure 1 ) are estimated separately as described elsewhere (Bonarius et al., 1998a (Bonarius et al., , 1998b . Here both metabolic systems are subject to gross measurement error analysis: (i) the entire metabolic network, and (ii) the underdetermined subnetwork.
Results and discussion
Hybridoma cells were cultivated in a continuous stirred-rank reactor under different conditions. The pO 2 was varied and in another experiment PMS was added to the culture medium. Viable-cell density, viability, and dilution rate are shown in Figures 2a and 2b . The extracellular production and consumption rates of amino acids, glucose, ammonia, lactate, carbon dioxide and monoclonal antibody were determined. Also, the intracellular concentrations of amino acids, lactate, total cell protein, DNA, RNA, and the total lipid and carbohydrate contents were measured. After changing to new parameter settings at least four days of continuous culture were used to dilute remaining metabolites during the previous steady state and to allow the viable cell density to stabilize. Steady-state conditions were obtained in all experiments, except during the oxygen limitation experiment ("00" in Figure 2a ) in which 'pseudo steady-state' conditions were obtained. Table 2 and 3 show the average measured metabolic rates and their standard deviations for the entire network (i) and the smaller, underdetermined network (ii), respectively. The average viable-cell numbers and implications of these results for the cell physiology and metabolism of hybridoma cells are reported elsewhere (Bonarius et al., 1998b) .
In Table 4 the residual values for carbon and nitrogen are given for the various sets of measured uptake and production rates (in 10 −12 C-mol.cell −1 and 10 −12 N-mol.cell −1 . day −1 , respectively). A positive value indicates either an overestimation of the produced carbon or nitrogen, or an underestimation of the consumed carbon or nitrogen. The total turnover rate (the sum of all produced and consumed metabolites) is shown for comparison. In addition, the relative a "w/Prim." refers to measured amino acids in cellular total protein from cells cultured with Primatone RL in the medium. residual value for carbon (C rel ) nitrogen (N rel ) is given as percentage of the turnover rate.
Carbon balance and carbon-dioxide production rate
In Table 4a it is shown that the carbon balance can be closed for all steady states. In all cases, the relative error for carbon (C rel ) is less than 5% of the total carbon tunrover. In order to close the C balance, it is critical to take the bicarbonate in the culture medium into account. If this factor is neglected in the determination of the carbon-dioxide production rate, C rel increases to more than 5% in most cases (Table 4b) . Further, the test function h ε (in the determination of which the N balance is also include) increases significantly in all cases (except for the set for the steady state at pO 2 = 1%, which will be discussed below), and to values above 4.61 in 5 out of 6 cases. 
Test for gross measurement errors
For 6 sets of measurement data the test function h ε , which shows that with more than 90% confidence these data are consistent with respect to both the carbon and the nitrogen balance. Only in one case (pO 2 = 1%, Table 4a ) the performance index h ε is higher than 4.61, indicating that there is a significant measurement error in this set of measured metabolic rates. The relative residual values implies that the measurement of one or more N-containing metabolites are erroneous (Table 4a ). The fact that ε N is positive indicates that either the comsumption rate of a (N-containing) metabolite is underestimated or the production rate of a metabolite is overestimated. Comparison of metabolic rates of N-containing metabolites between the different steady states shown in Table 4a , suggests for example that it is unlikely that the measurement of the total protein (TP) at pO 2 of 1%, is overestimated. It is more probable that either the glutamine-consumption rate is underestimated, or the NH 3 -production rate is overestimated, or a combination of both.
Location and identification of measurement errors
In some cases, gross measurement errors can be located by the serial elimination method (Ripps, 1965; Wang and Stephanopoulos, 1983) . With this method it is attempted to locate the source of an error by the recalculation of h ε for a set of measurement data that has Table 3a . Average measured metabolic rates of metabolites in underdetermined network. Values (in 10 −12 mol.cell −1 .day −1 ) are calculated as described elsewhere (Bonarius et al., 1996) . The standard deviations associated with these rates (Table 3b) are linear combinations of the standard deviations of the cellular uptake and production rates, and are calculated accordingly (Box et al., 1978) . Abbreviations as in Figure 1 pO2 30 pO2 50 pO2 1 pO2 0 pO2 100 pO2 30 PMS been reduced by the removal of data that are suspected to be unsound or erroneous. The removal of the TP, GLN, and NH3 measurement from the data set shown in the third column of Table 4a (pO 2 = 1%) yields a h ε of 1.67, 134, and 0.72, respectively, which indicates that the probability that the ammonia measurement is erroneous is relatively high compared to the likelihood that the total-protein of glutamine determination is incorrect. The differences between these h ε values are however relatively small, and combinations of measurement errors cannot be traced as simultaneous deletion of two measurements is not possible due to the limited number of constraint equations (elemental balances) available. Van der Heijden and co-workers (1994) recently classified error types in biochemical reaction systems into three categories. When an error is detected by analysis of concentration equations it can either be a measurement error (i), an incorrect system definition (ii), or a result of a too sensitive χ 2 -test due to too small variances (iii). It is not likely that the error in the third set of data (pO 2 = 1%, Table 4a ) is an error in system definition. At a probability of at least 90% six different measurement sets (and other data sets (Bonarius et al., 1996 , Bonarius et al., 1998a ) do not contain gross errors. This suggests that -at the same probability -the system definition is sound for the metabolites that are relevant for the carbon and nitrogen balance. Another possibility is that the variances of the data set for pO 2 = 1% are too small.
Compared to the other steady states shown in Table  2b , the standard deviation of the NH 3 measurement in the data set for pO 2 = 1% is relatively small. When the standard deviation is increased to 0,202 * 10 −12 mole cell −1 day −1 (which corresponds to the highest estimated standard deviation for the NH 3 measurement in Table 2b ) the test function h ε decreases from 15,25 to a mere 4,68, which suggests that it cannot be ruled out that the present error in the data for pO 2 = 1% is an error of the third kind. In conclusion, the production and uptake rates of mammalian cells shown here can be tested for the presence of gross errors at a probability of at least 90%, but it is neither possible to locate nor to identify the error(s). Table 4c shows the (relative) residual values for carbon and nitrogen and h ε for the smaller, underdetermined network. The set of metabolite flows (Table 3a) calculated from the reaction stoichiometry and the measured production and consumption rate are consistent with respect to the carbon and nitrogen balance. The fact that the test function for each steady state are all below the value of χ 2 (0.9) = 4.61 supports that not only the measurements, but also the stoichiometric equations that have been used for the determination of the in-and outgoing flows of the subnetwork are free of gross system errors (at a probability of at least 90%), and can be used for flux analysis.
Error analysis of metabolic rates for subnetwork
It is further noteworthy that in contrast to the ε N values corresponding to the entire network (Table 4a), all ε N values associated with the underdetermined subnetwork (Table 4c ) are negative. In other words, according to the N balance, some of the N-producing fluxes in the other reactions in cell metabolism than those of the subnetwork, are overestimated (or N-consuming reactions are underestimated). Because this seems not to be the case for C-containing metabolities, a possible explanation for this small though systematic difference is either that a reaction in which NH 3 is consumed has incorrectly been neglected, or that a NH 3 -producing pathway has incorrectly been added to the network. Examples of the latter could be the degradation pathways of amino acids such as cysteine and threonine (Figure 1) , which both yield NH 3 .
Conclusion
The carbon balance can be closed in continuous mammalian-cell culture, provided that the bicarbonate buffer in the culture medium is taken into account for the determination of the CO 2 production rate. Together with the nitrogen balance, this allows to test the measurement data of metabolities that are relevant for flux analysis on the presence of gross errors.
The carbon and nitrogen balances over the metabolic subnetwork that consists of the glycolysis, the TCA cycle, the pentose phosphate pathway, and the glutaminolysis, can be closed within the 90% confidence interval.
